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Abstract 
Lignocellulosic biomass contains abundant cellulose, hemicellulose and lignin. Ethanol production, which utilizes cellulosic and 
hemicellulosic fractions of the lignocellulosic biomass, is obtained from the transformation of fermentable sugar. In this case, 
other fiber portions of biomass like lignin can be considered as byproducts during the conversion process, and these byproducts 
generally are used to produce octane booster fuels, bio-based products, and chemical productions. 
For reduction of soil stabilization costs, utilization of lignin-based BCPs (biofuel co-products) as an alternative to stabilize 
pavement subgrade soil is an innovative idea, and satisfies the needs of sustainable development of construction. 
This study aims to investigate the utilization of biofuel co-products (BCPs) containing lignin in pavement geo-materials 
stabilization. Laboratory tests were conducted to evaluate the effect of BCP addition on shear strength performance for a wide 
range of soils encountered in Iowa. The unconsolidated undrained direct shear test (DST) was used to evaluate shear 
performance.  
The results of this study indicate that Biofuel Co-Products are beneficial in the soil stabilization of low quality materials for road 
construction use. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Bituminous adhesives or binders are common construction materials and mostly derived from fossil fuels [1]. 
However, the urge of reduction of fossil fuel pollution impels the utilization of alternative sources to produce fuel. 
Hence, it is necessary to develop the utilization of bio renewable resources as energy.  
The pavement soil-stabilization with additives or admixtures improves and stabilizes pavement structure. 
Hydrated lime, Portland cement, and fly ash are the most commonly used additives. In the context of sustainable 
construction development, however, the utilization of byproducts and waste products as an alternative to strengthen 
pavement subgrade soil continues to gain attention.  Lignin derived from biomass is known as natural glue that holds 
all plants together. Traditional and current uses for lignin and modified lignin include concrete admixtures, binders, 
and well drilling mud [2,3]. The expansion of lignin application can provide additional revenue stream for 
biorefineries [4].  
The two main categories of lignin modified by various recovery technologies are the sulfur lignin and the sulfur-
free lignin [5]. Most sulfite lignins, or lignosulfonates, are derived from the paper industry; however, lignins 
obtained from bio-based energy production are sulfur-free. The use of sulfite lignins in soil stabilization has been 
studied over the past decade [6]. Soil stability increases by adding sulfite lignin to clayey soils, causing dispersion of 
the clay fraction [7]. The utilization of BCP containing sulfur-free lignin in pavement soil stabilization have been 
focused on in recent studies at Iowa State University (ISU) [8,9] . 
The direct shear test is the most advantageous test to use due to its simple setup and equipment operation and 
testing under different saturation, drainage, and consolidation conditions [11]. The direct shear test is conducted by 
forcing the sample to fail along a predefined plane while being subjected to normal load. The direct shear test 
enables determination of the angle of internal friction and cohesion by giving a direct measure of the shear force 
capacity at specific conditions. The shear stress in the shear box of the test is defined as the shear resistance 
developed within the sliding plane along a known section area of the sample [12]. 
The direct shear test is performed to determine the consolidated-drained shear strength of a sandy to silty soil. 
Whenever a structure is dependent on a shearing resistance of soil, the shear strength is required, making it one of 
the most important engineering properties of soil. Engineering applications like finding slope stability, finding 
bearing capacity for foundations, and calculating the pressure exerted by soil on a retaining wall need shear strength 
to be determined [10]. 
The direct shear test is one of the oldest strength tests for soils. In this laboratory, a direct shear device will be 
used to determine the shear strength of a cohesionless soil. For a specific vertical confining stress, the maximum 
shear stress is obtained from the plot of the shear stress versus the horizontal displacement (ASTM D 3080) [10]. 
These advantages have to be weighed against the difficulty of measuring pore-water pressure when testing in 
undrained conditions, and possible spuriously high results from forcing the failure plane to occur in a specific 
location [11].  
The current study aims to investigate the use of biofuel co-product containing sulfur-free lignin in pavement soil 
stabilization. With this purpose, a laboratory experimental test program was performed; comparing the shear strength 
of biofuel co-product treated on four different represented Iowa soil types. 
2. Materials and Methods 
Experimental study was carried out in three phases including the preliminary material characterization, 
compaction and direct shear tests. Five steps were used to prepare each sample for DST (Direct Shear Test): soil 
preparation, soil-water additive mixing, molding, compaction, and curing. To pass a No. 4 (4.75 mm) sieve, the 
collected natural soil was broken down to particle sizes after being dried. To take away initial water of the co-
products, additives were dried at below 60°C, decreasing co-product water content to nearly 0%.  
After soil and additive preparation, soil and additives were mixed first, and water was added to the soil + additive 
mixture. A uniform, homogenous mixture is produced. Initial soil moisture content was determined from a sample of 
the mixture with accordance to ASTM D 3080 [13] (Standard Test Method for Direct Shear Test of Soils under 
Consolidated Drained Conditions, 2006). Specifically designed mold apparatuses, as depicted in Fig. 1 (a) ; (b)., 
were fabricated, which was used for compacting loose materials by static compaction. The apparatuses can be 
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assembled to insert the 1 in. high spacer plug into the mold with removable collar. Loose mixture materials were 
placed in the mold. The loose materials then can be compacted into 2 in. diameter and 1 in. height specimen by 
applying a static load on the 1 in. high spacer plug. Static loading method was followed in preparing 2 in. specimens 
rather than dynamic loading, which is a common practice of Iowa State University. 
 
Fig. 1. (a) ; (b).  Mold apparatuses for direct shear test.  
2.1. Properties of soil 
In this study, four types of soils representing common soil types in Iowa, USA were used. The engineering 
properties of the soil samples are shown in Table 1.  
Table 1. Engineering properties for four type’s of soil. 
Property 
Soil 1 Soil 2 Soil 3 Soil 4 
Classification 
AASHTO (group index) A-6(2) A-4(2) A-4(1) A-4(0) 
USCS group symbol SC CL-ML CL-ML ML 
USCS group name Clayed sand Sandy Silty with clay Sandy Silty with clay Sandy Silty 
Grain size distribution         
Gravel (! 4.75 mm), % 7.1 0.1 5.2 3.8 
Sand (0.075–4.75 mm), % 54.9 37.2 41.7 45.3 
Silt and clay ( 0.075mm), % 38.0 62.7 53.1 50.9 
Atterberg limits         
Liquid limit (LL) , % 32.8 29.1 27.5 17.2 
Plasticity limit (PL), % 17.4 22.9 22.2 15.1 
Plasticity index (PI), % 15.4 6.2 5.3 2.1 
Proctor test         
Optimum moisture content (OMC), % 14.4 18.2 13.5 12.0 
Maximum dry unit weight (Jd max),  kg/m3(pcf ) 1,728 (107.9) 1,631 (101.8) 1,818 (113.5) 1,839 (114.8) 
Important engineering property tests, the Atterberg limits and standard Proctor compaction tests, were also 
conducted on selected percentages of soil samples prepared with additives. Their influence were examined. The 
selected percentage of co-products was the one in which the values of shear strength were at maximum. Atterberg 
limit test (LL, PL, PI), Standard proctor test (optimum moisture content (OMC, %, maximum dry unit weight) for 
pure soil (control group) and soil-BCP A mixture were evaluated. Table 2. shows the Atterberg limits and proctor 
compaction test results. The tests were done in accordance with the ASTM standard [14]. 
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Table 2. Atterberg limits and proctor compaction test results for four type’s of soil. 
Soil Type 
Atterberg Limits of Soils 
Optimum  
Moisture  
Content 
Max. Dry Unit  
Weight 
LL PL PI OMC, % pcf kg/m3 
Pure Soil 1 32.8 17.4 15.4 14.4 107.9 1728.0 
Soil 1+12% Cement 36.0 11.1 24.9 17.5 108.4 1736.0 
Soil 1+12% BCP A 76.0 39.0 37.0 16.3 91.1 1459.0 
Pure Soil 2 29.1 22.9 6.2 18.2 101.8 1631.0 
Soil 2+12% Cement 31.5 25.1 6.4 18.0 102.0 1634.0 
Soil 2+12% BCP A 67.8 39.4 28.4 18.9 90.6 1451.0 
Pure Soil 3 27.5 22.2 5.3 13.5 113.5 1818.0 
Soil 3+12% Cement 32.7 27.0 5.7 14.5 115.8 1855.0 
Soil 3+12% BCP A 72.7 36.4 36.3 15.8 90.1 1443.0 
Pure Soil 4 17.2 15.1 2.1 12.0 114.8 1839.0 
Soil 4+12% Cement 19.8 18.6 1.2 14.0 114.5 1834.0 
Soil 4+12% BCP A 58.3 44.3 14.0 18.8 36.2 1541.0 
2.2. Additive 
One type of BCPs containing lignin was used as an additive and designated as a co-product A in this study. BCP 
A, shown in Fig. 2, was obtained from a full-scale, wet-mill, corn-based ethanol plant of Grain Processing 
Corporation (GPC) of Muscatine, Iowa [15]. Through the process of corn to ethanol conversion, Alkaline-washed 
corn hull is obtained. Co-product A is a powdered version of this.  
 
Fig. 2. Powdered type BCP [9]. 
BCP A contains about 5% lignin, 50% hemicellulose, 20% cellulose, and 25% of other components. These 
lignin-type components have a specific gravity of 2 and are not high molecular weight lignin, like those found in 
wood, but they are specific to maize.  
2.3. Experimental program 
The laboratory experimental program conducted DST. Three different moisture contents are evaluated: OMC-
4%, OMC, and OMC+4 with two different curing times (1-day and 7-day). OMC represents moisture conditions 
providing maximum dry density of soil and is used for quality control of construction; OMC−4% represents drier 
side of soil condition, and OMC+4% represents more wet side of soil condition. The stabilization effect of a soil 
additive is measured in terms of the increase in shear strength capacity as indicated by DST [16, 17, 18]. This study 
also used DST testing as the basis for performance characterization. 
2.4. Direct shear test 
The direct shear test was performed in accordance with ASTM standard D 3080 [19] after various curing days (1-
7 Days). The applied displacement shearing rate is 0.01 inches per minute for all samples. The soil sample is set to 2 
inches in diameter and 1 inch in height. Normal stresses applied to each sample were DS 10, DS 20, and DS 30 psi.  
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3. Direct Shear Test Results 
The four types of soils were mixed with 12 % BCP. Two curing days were chosen (1-Day and 7-Day). Table 3. 
displays a summary of the direct shear test results. 
Table 3. The direct shear test (DST) results for all soil types. 
Soil Types Samples Type 
Maximum Shear Stress (psi) OMC 1-7 Day 
OMC -4 OMC OMC +4 
DS 10 DS 20 DS 30 DS 10 DS 20 DS 30 DS 10 DS 20 DS 30 
SOIL-1  
Pure Soil 1 
1-Day 19 25 33 17 23 30 11 17 25 
7-Day 21 22 30 14 20 27 9 13 17 
Soil 1+12% BCP A 
1-Day 39 37 58 24 27 49 16 20 38 
7-Day 27 46 48 33 29 36 17 29 27 
SOIL-2  
Pure Soil 2 
1-Day 10 16 23 7 14 22 7 12 20 
7-Day 10 16 23 9 16 21 9 13 21 
Soil 2+12% BCP A 
1-Day 20 24 29 14 20 24 12 15 19 
7-Day 18 20 31 13 19 24 11 15 16 
SOIL-3 
Pure Soil 3 
1-Day 19 27 32 15 19 25 9 14 19 
7-Day 14 26 35 13 18 33 10 15 18 
Soil 3+12% BCP A 
1-Day 37 44 46 18 30 40 17 22 24 
7-Day 40 51 51 24 25 30 18 23 28 
SOIL-4 
Pure Soil 4 
1-Day 15 21 28 10 16 23 7 14 20 
7-Day 19 23 30 14 20 28 11 17 26 
Soil 4+12% BCP A 
1-Day 35 45 47 24 27 29 13 14 21 
7-Day 23 37 49 22 27 35 16 23 26 
 
Fig. 3. (a); (b); (c); (d) show the DST results for four types of soils at three different moisture contents. 
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Fig. 3. DST results at different moisture content (a) Soil-1 (SC); (b) Soil-2 (CL-ML); (c) Soil-3 (CL-ML); (d) Soil-4 (ML). 
The preliminary findings from DST results are as follows: 
• As can be seen from Fig. 3. (a); (b); (c); (d), in three different OMC, the shear strength results were compared 
and the highest value was obtained in OMC-4.  
• For all soil types, a significant increase in shear strength was observed once 12% BCP A was added to pure soil. 
The shear strength values increased up to two times for soil types. Soil type based on fine content influences soil 
strength capacity. Soil 1 shows the highest strength capacity for all types of specimen results because of its 
lowest clay content. On the ather hand Soil 2 shows the weakest strength results because of  its highest clay 
content. The previous literatures found that the clay content could influence soil strength significantly. Soil 3 and 
Soil 4 have similar fine contents, and similar strength values. The different soil engineering properties and 
structures may contribute to this strength difference.  
• It can be concluded that the shear strength increase is linear in the early age (1-days) but it is not the case in the 
long term (7-days). Fig. 3 shows that curing period would have an influence on the strength of treated soil, but it 
doesn’t have any effect on the strength of pure soil. For BCP powder (BCP A) treated soil, the increase in curing 
time doesn’t show any significant effect on the strength of Soil 1 and Soil 2, but it decreases the strengths of Soil 
3 and 4. Flocculation process with curing times would be the explanation of this phenomenon. These results were 
also compatible with other studies [20]. 
• The maximum shear strength obtained for all types of soils and OMC-4 conditions was 58 psi. This maximum 
strength was attained in Soil 1 at OMC-4. 
4. Conclusion and Discussion 
This study investigated the shear strength of soils stabilized by a bio-based energy co-product containing lignin. 
A laboratory experimental test program was conducted to compare the shear strength of biofuel co-product treated 
four different soil types. Final concluding statements of this study are as follows: 
• Moisture content has a significant effect on the BCP treatment. As can be seen from Fig. 3, moisture content 
influences soil strength capacity significantly. The shear strength results were compared and the highest value 
was obtained in OMC-4 for pure soil and BCPs treated soil. More flocculated structures exist in dry side 
condition and increase internal friction in soil.  
• Shear strength values increased up to two times for all soil types.  
• Using different moisture contents, the highest shear strength value was observed for BCP mixtures, which was 
obtained at early age. 
• Generally, for pure soil and BCP treated soil, lower moisture content contributes to higher strength. 
• The results of these study indicated that BCP A is a promising additive for soil stabilization. 
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